Lyme arthritis, caused by the spirochete Borrelia burgdorferi, can be recurrent or prolonged, whereas Lyme carditis is mostly nonrecurring. A prominent difference between arthritis and carditis is the differential representation of phagocytes in these lesions: polymorphonuclear leukocytes (PMN) are more prevalent in the joint, and macrophages predominate in the heart lesion. We have previously shown differential efficiency of B. burgdorferi clearance by PMN and macrophages, and we now investigate whether these functional differences at the cellular level may contribute to the observed differences in organ-specific pathogenesis. When we infected mice lacking the neutrophil chemokine receptor (CXCR2 ؊/؊ mice) with spirochetes, we detected fewer PMN in joints and less-severe arthritis. Here we have investigated the effects of the absence of the macrophage chemokine receptor CCR2 on the development and resolution of Lyme carditis in resistant (C57BL/6J [B6]) and sensitive (C3H/HeJ [C3H]) strains of mice. In B6 CCR2
Lyme disease is caused by the spirochete Borrelia burgdorferi and is characterized by the hallmark rash erythema migrans and subsequent inflammatory processes that include arthritis, carditis, and neurological symptoms (28) . There are critical differences in clinical outcome between Lyme arthritis, which can be recurrent or prolonged, and Lyme carditis, which is mostly nonrecurring. Without treatment, 60% of patients with Lyme disease in the United States develop arthritis, which may recur at intervals and last for months or years (28) . Fewer patients (4 to 10%) suffer carditis, which is generally an early and nonrecurring manifestation of infection (28) . A prominent difference between arthritis and carditis is the differential representation of phagocytes in these lesions: polymorphonuclear leukocytes (PMN) are more prevalent in the joint, while macrophages predominate in the heart lesion (2, 5, 6, 28) . The differential deployment of phagocytes, which we have shown have differential efficiency of B. burgdorferi clearance (29) , may contribute to these observed differences in organ-specific pathogenesis.
In vitro, spirochetes are eliminated by numerous effective clearance mechanisms, including both phagocytic and extracellular killing by intact macrophages and PMN, as well as by granule components of PMN (15, 26, 27, 29, 32) . We have shown that in vitro, PMN kill B. burgdorferi efficiently only in the presence of specific antibodies and use a large array of nonoxidative products that are released from their granules (26, 29) . In addition, the PMN cytoplasmic protein calprotectin inhibits B. burgdorferi growth and confers resistance to killing by certain antibiotics (27, 34) . In contrast to PMN, macrophages kill spirochetes very efficiently, and largely internally, in the presence or absence of antibody, with little debris that could damage surrounding tissue (29) (30) (31) (32) (33) . These functional differences at the cellular level may determine the ultimate clinical outcome of Lyme disease in host organs.
Mice infected with B. burgdorferi develop a systemic infection that closely mimics human disease. The acute manifestations in joints and hearts peak at days 14 to 21 of infection and resolve at 30 to 45 days (5). Several lines of evidence support the critical role of PMN in controlling Lyme arthritis. B. burgdorferi infection of beige mice, which have defects in vesicle trafficking leading to reduced PMN function (42) , results in more-severe arthritis without changing macrophage-mediated carditis (4) . Treatment of mice to deplete PMN during B. burgdorferi infection resulted in robust recruitment of immature forms of PMN, earlier development of arthritis, and higher B. burgdorferi loads, perhaps due to the inefficiency of spirochete killing by the recruited cells (9) . Similarly, when we examined B. burgdorferi infection of chemokine receptor knockout (CXCR2 Ϫ/Ϫ ) mice, in which the PMN cannot respond to chemotactic signals and do not enter the joint, arthri-tis was less severe, further demonstrating the contribution of PMN to joint inflammation (8) . Deficiency in CCR2, a monocyte chemokine receptor, had no effect on arthritis, as might be expected, since macrophages constitute a smaller proportion of the inflammatory infiltrate in B. burgdorferi-infected joints (8) .
In murine Lyme carditis, the predominant infiltrating cell type is the macrophage, which mediates the inflammation directly, as shown by the development of carditis in the absence of B and T lymphocytes (SCID mice) or major histocompatibility complex class II determinants (2, 36, 45) . We have previously shown appropriate site-specific activation of infiltrating macrophages in Lyme carditis in vivo (35) . CCR2 is the receptor for CC chemokines and mediates the recruitment of monocytes to the site of infection (12) . Here we have investigated the effects of the absence of CCR2 on the development and resolution of macrophage-mediated Lyme carditis.
kin-1 (IL-1), the forward primer was 5Ј-GCA CCT TCT TTT CCT TCA TCT TTG-3Ј, the reverse primer was 5Ј-CCA GCA GGT TAT CAT CAT CAT CC-3Ј, and the probe was 6FAM-AGC CCA TCC TCT GTG ACT CAT GGG A-TAMRA. For macrophage inflammatory protein 2 (MIP-2), the forward primer was 5Ј-CAT CCA GAG CTT GAG TGT GAC-3Ј, the reverse primer was 5Ј-CTT TTT GAC CGC CCT TGA GAG T-3Ј, and the probe was 6FAM-ACG CCC CCA GGA CCC CAC TGC GCC CAG ACA GAA GTC A-TAMRA. For monocyte chemoattractant protein 1 (MCP-1), the forward primer was 5Ј-GTT GGC TCA GCC AGA TGC A-3Ј, the reverse primer was 5Ј-AGC CTA CTC ATT GGG ATC ATC TTG-3Ј, and the probe was 6FAM-TTA ACG CCC CAC TCA CCT GCT GCT ACT-TAMRA.
Semiquantitative assessment of tissue histopathology. Mice were sacrificed at peak infection (21 days), and hearts were harvested for histopathologic examination. Hearts (5 per group) were bisected sagittally through both atria and ventricles and were immersed in 10% buffered zinc-formalin (Anatech LTD). All tissues were processed to slides by dehydration in graded ethanol, cleared in xylene, and embedded in paraffin (Blue Ribbon; Surgipath Medical Industries, Inc., Richmond, IL). Each heart was serially sectioned at a thickness of 5 m, and the 5th, 10th, 15th, and 20th sections (80 total) were stained with hematoxylin and eosin, followed by placement of coverslips. Observers were blinded to the study conditions until after assessment of the histopathologic features.
Each histopathologic parameter was assessed and scored separately using a semiquantitative criterion-based methodology adapted from a published method (41) . Heart tissues were assessed for inflammation by microscopic examination at low (ϫ2.5)-, intermediate (ϫ10)-, and high (ϫ40, ϫ60)-power magnification and were scored for severity of inflammation (carditis, vasculitis) according to the percentage of inflammation at the heart base upon examination at low power (ϫ2.5). Scores of 0 (none), 1 (minimal; less than 5%), 2 (mild; between 5% and 20%), 3 (moderate; between 20% and 35%), 4 (marked; between 35% and 50%), and 5 (severe; greater than 50%) were assigned for the severity of inflammation. The character of the inflammatory infiltrate (neutrophil, macrophage, multinucleated giant cell, lymphocyte) was assessed by examination of a minimum of 5 random fields at the level of the heart base at ϫ40 and ϫ60. Digital light microscopic images were recorded using a Zeiss Axioskop microscope, an AxoCam MRC camera, and AxioVision 4.4 imaging software (Carl Zeiss Micro Imaging, Inc., Thornwood, NY).
Statistics. Statistical significance was assessed by the Mann-Whitney test (twotailed) using GraphPad Prism software. The significance level was set at a P value of Ͻ0.05.
RESULTS
We have examined carditis in mice deficient in the CCR2 type chemokine receptor (CCR2 Ϫ/Ϫ mice) in both a Borreliaresistant (B6) and a Borrelia-sensitive (C3H) mouse background. Using quantitative PCR and histologic assays, we have assessed the spirochete burden, expression of cytokines and chemokines, and inflammation in infected hearts.
Disseminated spirochete burden does not reflect heart infection. To assess the importance of macrophage-lineage cells in the host defense against B. burgdorferi, we infected CCR2 Ϫ/Ϫ mice with spirochetes. We quantified disseminated infection in WT and CCR2 Ϫ/Ϫ animals by Q-PCR assessment of spirochete loads in urinary bladders (Fig. 1A) . Bladders of several strains of mice become infected with B. burgdorferi, can remain infected for 6 to 12 months, and are especially representative of disseminated burden, because they can be harvested intact and do not have an inflammatory infiltrate (6, 25, 44) . The level of disseminated infection reflected in bladders is lower for CCR2 Ϫ/Ϫ than for WT B6 animals, although levels are similar for C3H WT and CCR2
Ϫ/Ϫ mice. The B. burgdorferi burdens in CCR2 Ϫ/Ϫ animals of both strains show that the overall efficient clearance of B. burgdorferi is maintained in these animals despite the reduction in macrophage recruitment, suggesting that additional mechanisms may be employed.
The importance of macrophages makes it of particular in-terest to examine Lyme carditis in CCR2 Ϫ/Ϫ animals. When we examined B. burgdorferi burdens in these mice, we found that levels of B. burgdorferi were higher in the hearts of CCR2 Ϫ/Ϫ B6 mice than in those of WT B6 mice (Fig. 1B) and lower in the hearts of CCR2 Ϫ/Ϫ C3H mice than in those of WT C3H mice (Fig. 1B) . These data suggest that for B6 mice, in the absence of recruitment of macrophages, B. burgdorferi clearance from the heart is impaired or delayed. However, our studies are from a single harvest time point and thus cannot reflect the kinetics of disease progression (Fig. 1B) . Interestingly, at 21 days of infection, WT B6 mice have a lower B. burgdorferi burden in hearts than WT C3H mice (P ϭ 0.005), which may contribute to the overall resistance of B6 mice to the development of Lyme carditis (3). This may reflect either a difference in the kinetics of macrophage-mediated clearance or Ϫ/Ϫ and WT animals reach statistical significance for MIP-2 in B6 (P ϭ 0.049) and C3H (P ϭ 0.009) mice and for MCP-1 in B6 mice (P ϭ 0.006). Bars indicate median values.
FIG. 1. B. burgdorferi burdens in tissues of CCR2
Ϫ/Ϫ mice. Mice were infected via footpad inoculation, and organs were harvested at 21 days. The B. burgdorferi loads in urinary bladders (A) and hearts (B) were determined by Q-PCR using flaB for spirochetes and normalizing to murine ␤-actin. Data are representative of one of two separate experiments, each using 6 to 10 mice/group, Bars indicate median values. Data trends are similar in replicate experiments and reach statistical significance for CCR2 Ϫ/Ϫ versus WT animals for bladders (P ϭ 0.004) and hearts (P ϭ 0.02) of B6 mice and for C3H mice (P ϭ 0.03).
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DIFFERENTIAL PHAGOCYTE DEPLOYMENT IN LYME CARDITIS 615 possibly a natural defect in the recruitment or function of macrophages in C3H mice. In addition, the differences in B. burgdorferi burden between bladders and hearts suggest the importance of tissue-specific control of spirochetes. Cytokine and chemokine expression in B. burgdorferi-infected hearts. The lack of signaling through CCR2 is likely to have a significant effect on the recruitment and activation of inflammatory cells following B. burgdorferi infection. To examine this effect, we first quantified the expression of the proinflammatory cytokine IL-1 in the hearts of infected mice by reverse transcriptase Q-PCR at 21 days postinfection. WT and CCR2
Ϫ/Ϫ animals of both strains expressed IL-1 in infected hearts. Slight increases were noted in CCR2 Ϫ/Ϫ groups from both strains, but these were not statistically significant (Fig.  2A) . The similarity of these levels in WT and CCR2
Ϫ/Ϫ hearts suggest that the production of IL-1 may depend largely on resident cells of the heart. Of note, somewhat lower levels of IL-1 were detected in both groups (WT and CCR2
Ϫ/Ϫ ) of C3H animals than in B6 animals. The higher level of IL-1 produced by B6 mice may contribute to the more efficient resistance of the B6 strain to B. burgdorferi infection (3).
To assess the role of inflammatory cell recruitment to the chemokine milieu of the infected heart, we investigated the levels of chemokines in infected tissues in the absence of CCR2 expression. When we examined MIP-2 (CXC chemokine) and MCP-1 (CC chemokine) levels in infected hearts, we observed increases in the levels of both chemokines in the hearts of infected CCR2 Ϫ/Ϫ mice compared to those in WT mice ( Fig. 2B and C) for both disease-resistant (B6) and disease-susceptible (C3H) strains of mice. Thus, in the absence of CCR2 signaling, there was a dramatic elevation in the production of chemokines, which may reflect the presence of a feedback mechanism for cell recruitment to infected hearts.
Differential representation of inflammatory cells in the absence of CCR2. To determine the functional role of CCR2-recruited cells in the resolution of Lyme carditis, we compared the severity of cardiac inflammation by histopathologic analysis of hearts from infected WT and CCR2 Ϫ/Ϫ mice of resistant (B6) and sensitive (C3H) strains. We noted that B6 animals had very minimal inflammatory infiltrates following B. burgdorferi infection (Fig. 3) . The severity of inflammation tended to be higher for WT than for CCR2 Ϫ/Ϫ mice of each strain but was mild for the B6 mice, reaching an inflammation score of only 0.6 on a scale of 1 to 5 ( Table 1 ). In contrast, C3H animals had dramatically higher inflammatory responses, and C3H WT mice were even more severely inflamed than C3H CCR2 Ϫ/Ϫ mice (Fig. 3) .
In addition, the nature of the inflammatory infiltrate differed by strain and genotype. All mice had a mixture of lymphocytes and macrophages within the adventitia where the carditis was observed (Fig. 3E to H) . Although the severity of inflammatory infiltrates was lower for B6 than for C3H mice, macrophages tended to predominate over lymphocytes in the WT mice and macrophages and lymphocytes were equivalent in the CCR2 Ϫ/Ϫ mice of both strains. There was a significant difference in the level of PMN infiltration by genotype. PMN were essentially absent from the inflammatory response for B6 mice: 9/10 had no PMN infiltration. For the single WT B6 mouse with infiltrating PMN, they comprised less than 10% of the inflammatory infiltrate. The susceptible C3H mice overall had a markedly higher percentage of PMN in the inflammatory infiltrate: 3/4 of the WT C3H mice had infiltrates with as much as 30% PMN ( Fig. 3E and G; Table 1 ). For the C3H CCR2 Ϫ/Ϫ mice, the percentage of PMN was even higher: 3/4 of the mice had 40% or more (as much as 60%) PMN (Fig. 3F and H) . One WT C3H mouse had numerous multinucleated giant cells as a component of the inflammatory response, and two WT C3H mice had small numbers of lymphocytes in the ventricular epicardium.
Differential clearance of spirochetes in the absence of CCR2. We examined the course of B. burgdorferi infection during the resolution phase for WT and CCR2
Ϫ/Ϫ mice. B. burgdorferi burdens for all groups were dramatically lower at day 45 than at peak infection, as expected (Fig. 4) . Among C3H mice, however, CCR2 Ϫ/Ϫ mice had higher B. burgdorferi burdens in bladders than did WT mice (Fig. 4A ) (P ϭ 0.0037), suggesting that levels of disseminated spirochetes remain elevated in the absence of CCR2. However, B. burgdorferi loads in bladders of the resistant B6 mice were equivalent for WT and CCR2 Ϫ/Ϫ animals, in keeping with the efficient clearance of spirochetes noted at peak infection for that strain (Fig. 1) . No increase in B. burgdorferi loads was apparent in the hearts of CCR2 Ϫ/Ϫ mice of either strain at day 45 ( Fig. 4B) , suggesting that clearance of spirochetes and resolution of carditis proceed via alternate mechanisms in the absence of CCR2. B. burgdorferi burdens in bladders did not correlate with levels in hearts for C3H or B6 mice during resolution, as was noted previously at peak disease. 28.9 Ϯ 6.8
a Mice were infected with Borrelia burgdorferi as described in the text and were sacrificed at 21 days (peak disease) for examination of carditis. Severity was scored in hematoxylin and eosin-stained sections using a scale of 1 to 5, where a score of 5 is the most severe. Five mice per group were examined, and 4 sections per heart were assessed for inflammatory infiltrates. Data are averages from four determinations per heart for each group of five animals.
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At peak disease, increased levels of chemokines were detected in CCR2 Ϫ/Ϫ animals of both strains (Fig. 2) . At day 45, levels of IL-1, MIP-2, and MCP-1 were similar for WT and CCR2 Ϫ/Ϫ animals of both strains (data not shown). Thus, the absence of effective macrophage recruitment does not dramatically alter the clearance of B. burgdorferi or delay the resolution of carditis in those animals, suggesting that the resolution of carditis proceeds via alternate mechanisms in the absence of macrophage recruitment.
DISCUSSION
In Lyme disease, infection of joints and the heart with the same organism in the same host results in quite distinct courses of disease: macrophages predominate in the heart lesion and PMN in infected joints (2, 5, 6, 28) . We have shown that macrophages infiltrating the heart are appropriately activated (35) and clear spirochetes efficiently through largely intracellular killing mechanisms (29, 30, 32) . Myocarditis resolves at day 30 to 45, and spirochetes are rare at late intervals (2) .
The differential recruitment of phagocytic cells to the site of infection is likely to be mediated by specific chemokines. We have previously shown for B. burgdorferi infection of CXCR2 Ϫ/Ϫ mice that PMN do not enter the joint and arthritis development is attenuated (8) . In the current study, we have examined the development of macrophage-mediated Lyme carditis in CCR2-deficient mice, for whom recruitment of macrophages is impaired (23, 24) . We show here that B. burgdorferi burdens are significantly increased in infected hearts of B6 CCR2 Ϫ/Ϫ animals at peak disease, confirming the anticipated role for macrophages in the clearance of B. burgdorferi in Lyme carditis. However, the elevation of B. burgdorferi levels in hearts did not significantly change the degree of inflammation or delay the resolution of carditis for B6 mice. Expression of the chemokines MIP-2 and MCP-1 was increased in CCR2 Ϫ/Ϫ mice of both sensitive and resistant strains, suggesting that local chemokine levels in WT mice may be modulated in a feedback loop by infiltrating cells.
Surprisingly, we found no significant differences in the severity of cardiac pathology between WT and CCR2 Ϫ/Ϫ mice on either a genetically resistant or a susceptible background, although histopathologic examination revealed differences between resistant and sensitive mouse strains. Inflammation was minimal in B6 mice (WT and CCR2 Ϫ/Ϫ ), and thus, few effects of the absence of CCR2 could be appreciated. However, for C3H mice, which have more-pronounced inflammation, the cellular makeup of the inflammatory infiltrate was changed in CCR2 Ϫ/Ϫ animals. While the overall levels of inflammation remained similar for C3H WT and CCR2 Ϫ/Ϫ animals, there was an increased presence of PMN in C3H CCR2
Ϫ/Ϫ mice, suggesting that PMN recruitment is a compensatory mechanism in the absence of CCR2. The dramatic increase in the recruitment of PMN in CCR2 Ϫ/Ϫ C3H mice was accompanied by an unexpected decrease in B. burgdorferi loads. Thus, infected C3H mice have more-efficient clearance of B. burgdorferi in the absence of macrophages (CCR2 Ϫ/Ϫ ) than in their presence (WT). This brings to light a possible natural defect in the recruitment or function of macrophages in WT C3H mice, which may contribute to the increased sensitivity of C3H animals to infection with B. burgdorferi.
Although a partial reduction in macrophage functions as a result of silica treatment did not significantly affect murine Lyme carditis as assessed by histology (4), other macrophage deficiencies do contribute to the pathology of infected hearts. Lyme carditis was more severe in the absence of ␤ 2 integrins, which mediate the adhesion of leukocytes to the endothelium and thus entry into infected organs (17, 18) . Increased carditis in ␤ 2 integrin-deficient animals may be due to either an increased pathogen burden or increased expression of MCP-1, which has been shown to increase myocarditis (14, 22) . Infection of MyD88-deficient mice, which have a defect in macrophage activation via toll-like receptors, results in significantly higher spirochete burdens in the heart but no increase in cardiac inflammatory responses (7, 25) . These studies of inhibited or absent macrophages document that the presence of macrophages is critical for the resolution of Lyme carditis in vivo.
New insights into the role of macrophages in carditis are emerging from studies of CCR2 Ϫ/Ϫ mice. Monocytes from 
CCR2
Ϫ/Ϫ mice exhibit defects in both activation and recruitment to sites of infection (24) , and CCR2 Ϫ/Ϫ mice are more susceptible to infections with Listeria monocytogenes (23) , Leishmania major (37) , and Cryptococcus neoformans (39) . CCR2 may act through mediating the release of monocytes from the bone marrow and not through their extravasation into sites of infection (38) . Infection of CCR2 Ϫ/Ϫ mice with Trypanosoma cruzi resulted in increased cardiac parasitism but no increase in cardiac inflammation (20) . Taken together, these studies and the current results suggest that macrophages are more critical for the efficient control of pathogen burden than for the development of inflammation.
In summary, we have demonstrated that the loss of CCR2 does not alter resistance or susceptibility to Lyme carditis, although it does have an effect on B. burgdorferi clearance by B6 animals and on the cellular makeup of the inflammatory infiltrate in C3H mice. The development of carditis by susceptible C3H CCR2
Ϫ/Ϫ mice consists of an increased proportion of PMN in the cellular infiltrate and decreased cardiac B. burgdorferi loads compared with those for WT mice, highlighting a possible defect in macrophages of the C3H strain. Multiple factors, including tissue-specific components of the extracellular matrix and a mixture of cytokines and chemokines in the extracellular milieu, provide combinatorial signals for migrating leukocytes, which are augmented by chemokine production from newly recruited cells (11, 19, 40) . B. burgdorferi disseminates through the bloodstream in vivo, where lipoprotein components interact with endothelial cells via CD14 and TLR2 to activate NF-B and stimulate the release of IL-8 (1, 10, 13, 16, 21, 43) . IL-8 favors the recruitment of PMN, yet in Lyme carditis, macrophages dominate the inflammatory infiltrate (2, 5, 36) . Understanding how infection with a single pathogen within a single host results in differential recruitment of phagocytes to infected organs will likely depend on organspecific microenvironments in vivo and may uncover new avenues for manipulating cell recruitment in inflammatory diseases.
